of this satellite (Lorenz 1993). Titan's interior is equally mysterious. The clues yielded by the basic data-mass, Measurements of the Doppler frequency change in a microwave beam sent to and transponded back from an interplane-size, and density-and by our knowledge of Titan atmotary spacecraft are very sensitive to the quadrupole gravita-spheric composition-largely due to Voyager 1 radio octional field of a nearby natural satellite. This method will be cultation and ultraviolet spectrometer data-are certainly used in Cassini's mission to the saturnian system in relation very valuable, but remain difficult to decipher.
quadrupole moments and their tidal variations. Order of inertia of the planet from the Radau equation (see Hubbard 1984) magnitude calculations indicate that we will have the ability to measure the quadrupole moments of Titan with great accuracy.
Section II summarizes issues related to the determina- (1) tion of Titan's gravity field. In Section III, we derive the theoretical form of Titan's potential of degree 2. In Secwhere C is Titan's greatest moment of inertia, M t ϭ 1.35 ϫ tion IV, we develop a simple method to determine the 10 23 kg is Titan's mass, and R t ϭ 2,575 km is Titan's radius harmonic coefficients of degree 2 and we derive analyti- (Morrison et al. 1986 ). cally the accuracy of the determination. We present nu-
The determination of C/(M t R t 2 ) will test models of Titan merical results in Section V. Section VI summarizes our and the corresponding differentiation. If we find that a conclusions.
differentiation of Titan into a rocky core and an icy mantle has taken place, presumably as a result of accretional and radioactive heating, the next important question is that of II. TITAN'S GRAVITY FIELD the amount of volatile components which were incorporated into the icy mantle. Hunten et al. (1984) pointed out We discuss how Titan's gravity field provides clues to that Titan, by its radius and its average density of 1.88 g its internal structure and evaluate the accuracy offered by cm
Ϫ3
, is intermediary between the Jupiter's satellites GanyDoppler measurements.
mede and Callisto. The latter bodies are believed to consist of rocks (silicate and iron) and water ice. If significant, the comparison would favor a volatile-poor Titan. However,
II.1. Clues to the Internal Structure of Titan
Hunten et al. warn us that this may be a premature conclusion. Other kinds of ices, especially a mixture of ammonia Titan's gravity field reflects the satellite's adjustment to perturbing potentials and to internal stresses. The per-and water ice, have similar densities to water ice. If Titan formed around Saturn at lower temperature than Ganyturbing potentials are excited by Titan's rotation and by Saturn's tides. They produce a smooth response in the mede and Callisto, then we would expect such ices to be present. form of low degree harmonic coefficients. Solid convection, if present, could contribute significantly to the quadBut did Titan form around Saturn? Prentice (1980) speculates that Titan might have formed in a circumsolar orbit rupole moments of Titan. Other internal stresses generally give rise to high degree harmonics and can be ignored in and might have been captured by Saturn when the Saturn nebula reached 20 or so Saturn radii in size. If Titan did a study of the low degree and order component of the gravity field.
form in a circumsolar orbit, then the pressure of the solar nebula would not have been sufficient for ammonia to The static part of the perturbing potential produces a permanent deformation of the body. Moreover, the sig-form (Lewis and Prinn 1980) . Stevenson (1992) discussed volatile-poor and volatilenificant eccentricity of Titan's orbit produces a periodic tidal perturbation which has a frequency equal to the or-rich models of Titan. Volatile-poor models have a rock core covered by several layers of ice in different ice phases. bital angular velocity of Titan, and gives rise to a periodic deformation of the body with the same frequency. The The surface would be covered by a veneer of volatiles (mainly CH 4 , C 2 H 6 , and N 2 ) delivered by comets. Zahnle two different time scales elicit different responses from Titan. Titan reacts more or less as a fluid body to the static et al. (1992) and Griffith and Zahnle (1995) confirmed that Titan could have accumulated an atmosphere in this way. perturbation. On the other hand, the periodic perturbation must bring out an elastic response.
Jones and Lewis (1987) and Farinella et al. (1990) discussed the effects of impacts by fragments from a Hyperion proAs shown by Hubbard and Anderson (1978) , in the assumption that the low degree potential of Titan is due genitor on the chemical evolution of Titan's atmosphere and on the properties of its surface. to its rotation and to the tidal excitation by Saturn, J 2 and C 22 yield, to the degree that they can be separately
Volatile-rich models admit large amounts of ammonia, which is an effective antifreeze in water, so that Titan's determined, two independent determinations of the Love number k f . If departures from hydrostatic equilibrium are interior would not be entirely solid. Indeed, these models predict that an ocean of water and ammonia should be important, for instance because of solid state convection of ice, the two values of k f determined independently will present under a layer of ice (Lunine and Stevenson 1987 , Cynn et al. 1989 . be different.
If we find that Titan is in hydrostatic equilibrium, then The eccentricity of Titan's orbit in the presence of tidal dissipation constitutes a puzzling piece of information. Sathe value of k f will provide the value of the moment of gan and Dermott (1982) argued that if a global methane
The harmonic coefficients of degree 2 (dimensionless and normalized to the monopole value) are of order ocean exists on the surface of Titan, as suggested by the methane abundance in the lower atmosphere of Titan and by the surface temperature, the present eccentricity of Ti-
tan's orbit requires its depth to be greater than 400 m. However, recent radar (Muhleman et al. 1990, Grossman and Muhleman 1992) and infrared (Griffith 1993, Lemmon where Ͷ ϭ 4.56 ϫ 10 Ϫ6 rd sec Ϫ1 is the angular rotation rate et al. 1993, and Smith et al. 1994 ) observations of Titan's of Titan (Morrison et al. 1986 ) and GM t ϭ 8,978.2 km 3 surface have dispelled the speculated global ocean. Der-sec Ϫ2 is the product of the gravitational constant by the mott and Sagan (1995) show that confining the fluid on mass of Titan. Titan to a number of disconnected seas or crater lakes
Denoting by b the impact parameter, the quadrupole greatly extends the eccentricity damping time scale. Sohl potential of Titan gives rise to a perturbation in the spaceet al. (1995) argue that if Titan does contain an internal craft velocity of order liquid water-ammonia layer, its orbital eccentricity must be recent.
The important question of the volatile content can be answered from measurements of the tidal variations of Titan quadrupole moments arising from the orbital eccen-over an interval of time of order b/v. Hence, we can meatricity of Titan. These measurements will yield the dynamic sure with an accuracy Love number k 2 , which in turn gives a value of the rigidity. Since the volatile-poor and volatile-rich models predict very different rigidities, the measurement of k 2 will allow ϭ
us to find out which of the two classes of models corresponds to reality.
for b ϭ 2R t with c ϭ 3 ϫ 10 5 km sec Ϫ1 being the speed of light, v ȃ 5 km sec Ϫ1 the spacecraft's speed, and y ȃ 1 ϫ 10 Ϫ14 the Allan deviation of the Doppler radio signal y, II.2. Doppler Measurements equal to the fractional change in frequency of a coherent microwave beam transponded back to the Earth from the In Doppler measurements, a coherent microwave beam spacecraft. This is the Allan deviation at X band. The Allan is sent from the ground to the spacecraft and sent back deviation at Ka band is three times smaller. The Ka-band by the spacecraft to the stations where the frequency shift signal will be used on average only one third of the time, unless Ka-band stations become available either at complexes of the Deep Space Network (DSN) other than Gold-
stone, or in other countries. The time scale is b/v ȃ 1000 sec. Equations (3) and (5) indicate that we will be able to and hence the relative velocity ⌬v ϭ cy are measured with measure the quadrupole moments of Titan with a relative an integration time . Measurements of this kind have accuracy of order 10
Ϫ3
. provided important data on planets and satellites (see for instance Null et al. 1981 , Anderson et al. 1987 , and Ander- son et al. 1996) .
III. THE POTENTIAL OF DEGREE 2 OF TITAN
During its orbital tour of the saturnian system, from We derive the equations for the perturbing and in-2004 to 2008, Cassini will fly by Titan many times (Bertotti duced potentials. 1992 , Comoretto et al. 1992 . As mentioned earlier, several flybys will be used for gravity field measurements.
1 The III.1. Perturbing Potential spacecraft will be tracked from Earth at X band (8.4 GHz) and Ka band (32 and 34 GHz) coherent with X-band uplink Assume that the reference frame Oxyz [with latitudinal and Ka-band uplink. Titan's quadrupole will be measured coordinates (r, ⌳, ))] is such that the Oz axis coincides both when Titan is near periapsis and when it is near with Titan's north polar axis. We are interested in the apoapsis in order to yield the tidal variation of the po-quadrupole potential tential.
1 Gravity field measurements of the icy satellites and of Saturn will also be acquired.
( 6) where the P l,m are Legendre functions. The zonal coeffi-with cient of degree 2 is J 2 ϭ ϪC 20 . The centrifugal potential which acts on the satellite is
ͫ (2q r Ϫ q t ) 6 P 20 (sin ) ϩ q t 12
If Titan were a Maclaurin spheroid, i.e., an incompressible fluid with a constant density, rotating as a solid body,
and in a state of hydrostatic equilibrium, and if it were submitted to no other perturbing potential than its centrifugal potential, then its potential of degree 2 would be such
. (8) where e ϭ 0.029 is Titan's orbital eccentricity and f its true anomaly.
The tidal potential at a point P is
III.2. Induced Titan Potential
The secular part U s of the perturbing potential in Eq. 2 /3 and the angle ⌿ replacing the Titan is proportional to U p with a coefficient of proportioncolatitude ȏ/2 Ϫ . We define the tidal parameter ality given by the Love number of degree 2, k 2 (Love 1906):
where a ϭ 1,221,850 km is the semi-major axis of Titan's orbit. Note that q t ϭ Ϫ3q r since we have assumed that This expression holds for an incompressible body with Titan's rotation is synchronous with its orbital motion. The uniform density (for Titan, ϭ 1.88 g cm
Ϫ3
) and elastic negative sign of q t indicates that Saturn tides deform Titan shear modulus (or rigidity) Ȑ. Deviations from incompressinto a prolate shape, with the long axis directed along the ibility and homogeneous density require only small correcTitan-Saturn line.
tions to Eq. (13) (Kaula 1964), but a varying rigidity has The total perturbing potential is the sum of the rotational important consequences (Cassen et al. 1982) . and tidal potentials, given by Eqs. (7) and (9), respectively.
The bulk rigidity of Titan is highly uncertain. It strongly We further specify the reference frame Oxyz by choosing depends on its interior structure, namely on the radial the Ox axis along the direction joining the centers of Titan distribution of rock and ice components and the possible and Saturn. This reference frame is assumed to coincide internal water-ammonia ocean (F. Sohl 1995, personal with the principal axes of inertia, so all harmonic coeffi-communication). Yoder (1995) recommends values of Ȑ ȁ cients except J 2 and C 22 are equal to zero. For the sake of 5 ϫ 10 11 dyn cm Ϫ2 as appropriate for rocky bodies and of simplicity, we neglect the orbital inclination of Titan, equal ȁ4 ϫ 10 10 dyn cm Ϫ2 as appropriate for icy bodies. Indeed, to 0.3Њ. Then the total perturbing potential is the sum of the rigidity of the Moon's outer mantle is Ȑ ȁ 6.5 ϫ 10 11 a static and a periodic part, dyn cm Ϫ2 (Hubbard 1984) , while the rigidity of water ice is Ȑ ȁ 4 ϫ 10 10 dyn cm Ϫ2 (Proctor 1966). With a mass fraction of 52% rock and 48% ice (Hunten et al. 1984) , and if Titan's interior resembles that of Gany- 
The induced tidal potential at the surface of Titan is described by two dimensionless coefficients
with
The covariance analysis performed in this section is analytical. We describe our model for the least-square fit and infer equations giving the accuracy of the determination
e cos f as a function of the flyby geometry.
IV.1. The Least-Square Fit
The gravity field of a planetary object is usually deterand mined as a correction to a previous model from the perturbations that it produces on a spacecraft's orbit. Global C 22 ϭ C 22,s ϩ C 22,p , (16) dynamical methods require numerically integrating the equations of motion. A primary type of data for these with methods is the Doppler shift of a radio signal. We will use a global dynamical method to determine from Cassini tracking data the orbit of Titan together with physical
parameters such as Titan's mass and quadrupole moments. For a simulation of the experiment and an assessment of the accuracy in relation to the complicated geometry,
it is very useful to use a second, simplified method in which the orbit of the spacecraft is assumed to be perturbed only by the quadrupole moments of the satellite. This simplifi-C 22,p ϭ Ϫk 2 q t 4 e cos f ϭ 3k 2 4
e cos f cation, justified when the orbital deflection is small, provides an analytic expression of the covariance matrix. Considering also the large number (six) of the parameters ϭ ͩ k 2 0.015
which determine each flyby, this analytical method offers great advantages in comparison to numerical simulations The induced potential reads and helps in understanding the subtle play between the physics of the quadrupole force and the Doppler observable.
where the scaling factor is given by Eq. (3).
As noted above, it will be necessary to know accurately Titan's mass independently, and to redetermine at each encounter the orbit of the spacecraft. A rough estimate on the same footing as Eq. (5) yields an order of magnitude of the fractional error in the orbital elements as
FIG. 1.
The two reference frames we need: the principal axes of inertia Oxyz and the system (, û , n ) tied to the flyby geometry.
The experiment has three time scales: b/v, the time scale of the effect; the integration time , which must be less than b/v; the duration T 1 of the measurement, which must include a large number N ϭ T 1 / of integration terms. For vector m with polar coordinates (, ) with respect to the each interval we consider the average rectangular reference frame defined by , û , and n ϭ ϫ û . The line-of-sight acceleration produced by U 2,s is
and its increments with Doppler method cannot measure constant velocities, which would produce a vanishing ⌬ y i .
We shall construct model estimators for the two quadrupole parameters simply by fitting to the data ⌬ y i the function ẏ (t)/c; we expect this approximation to give a correct,
semiquantitative description as long as v Ͻ b.
IV.2. Theoretical Value of the Observable
The geometry of the flyby with respect to Titan is defined by the impact parameter › b ϭ b and the vector velocity ϩ ( 1 ϩ su 1 )m 1 (1 ϩ s 2 ) 5/2 , › v ϭ vû of the spacecraft at closest approach, where and û are normal unit vectors (see Fig. 1 ).
where the subscripts 1 and 3 denote the components with We approximate the orbit around closest approach with respect to the principal axes Ox and Oz, respectively. a straight line, Hence, the theoretical value of the observable is
(27) where s is a length measured in units of the impact parameter b.
The direction of the Earth is characterized by the unit This quantity depends on seven parameters, which char- be (b, v, , , ,  I, ) where , I, are the Euler angles orienting the reference frame (, û , n ) with respect to the principal axes of r i ϭ ẏ obs,i Ϫ ẏ th,i .
(35) inertia. We have The solution of Eq. (29) is 1 ϭ cos cos Ϫ cos I sin sin , 
IV.3. Accuracy of the Determination
The unknown variables p r and p t are determined by 
with V. ACCURACY ASSESSMENT Equation (37) indicates that a small impact parameter
and a small relative velocity at closest approach are necessary conditions for an accurate determination of p r and p t . We also expect that observing the spacecraft at closest where summations have been replaced by integrals ex-approach along the line of sight, i.e., ͉ sin cos ͉ ȁ 1 or tending from Ϫȍ to ϩȍ. This is an ideal measurement, [ ȁ ȏ/2 and ( ȁ 0 or ȏ)], is a favorable condition for in which the tracking covers most of the encounter. A an accurate determination of p r and p t . deterioration will ensue if the tracking is incomplete. In
With the analytical expressions for S derived in AppenEqs. (29) we also have dix A we now discuss the effect of the geometry on the accuracy.
In the simple case of an equatorial flyby (I ϭ 0) and the 
between the largest axis of inertia along the axis of rotation best determinations are obtained for ϭ 0 or ȏ and for Ј ϭ ȏ/4 ϩ kȏ/2, where k ϭ 0, 1, 2, or 3. We explored numerically the range of values taken by 1 and 2 in the (, , , I, ) parameter space. We found that simultaneous minima of 1 and 2 are reached if the following conditions are met:
• ϭ 0 or ȏ and • ϭ ȏ/2 and
• I ϭ 0 and ϩ ϭ ȏ/4 ϩ kȏ/2, where k ϭ 0, 1, 2, or 3 (see simple case above) or
• I ϭ ȏ/2 and ϭ ȏ/4 ϩ kȏ/2, where k ϭ 0, 1, 2, or 3 and ϭ kЈȏ/2 with kЈ ϭ 0, 1, 2, or 3 (see Fig. 3 ). general case as a function of Ј and . As expected, the Anderson and Giampieri (in preparation) have per-
rr , formed numerical simulations of the Titan flybys with a more accurate trajectory, including Titan's monopole (and quadrupole), centrifugal, and Coriolis forces. The a priori
rt , error in the impact parameter b has been also taken into account. The resulting accuracies are generally somewhat better than the analytic study.
VI. CONCLUSIONS
tt , This analytical tool has been extensively used in assessing the saturnian tours which are being planned (Diehl 1994) Ϫ7 if an internal ocean periapsis and two flybys at Titan's apoapsis, numerical calwere present. The amplitudes of the variations in C 22 would culations indicate that we can determine J 2 and C 22 with be two times smaller.
accuracies of a few ϫ10 Ϫ9 and that we can determine k 2 We will use independent determinations of J 2 and C 22 with an accuracy of a few ϫ10
Ϫ3
. obtained during flybys at Titan's periapsis and apoapsis to infer value of the Love number k 2 . 
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